ADAPTs are small engineered non-immunoglobulin scaffold proteins, which have demonstrated very promising features as vectors for radionuclide tumour targeting. Radionuclide imaging of human epidermal growth factor 2 (HER2) expression in vivo might be used for stratification of patients for HER2-targeting therapies. ADAPT6, which specifically binds to HER2, has earlier been shown to have very promising features for in vivo targeting of HER2 expressing tumours. In this study we tested the hypothesis that dimerization of ADAPT6 would increase the apparent affinity to HER2 and accordingly improve tumour targeting. To find an optimal molecular design of dimers, a series of ADAPT dimers with different linkers, -SSSG-(DiADAPT6L1), -(SSSG) 2 -(DiADAPT6L2), and -(SSSG) 3 -(DiADAPT6L3) was evaluated. Dimers in combination with optimal linker lengths demonstrated increased apparent affinity to HER2. The best variants, DiADAPT6L2 and DiADAPT6L3 were site-specifically labelled with 111 In and 125 I, and compared with a monomeric ADAPT6 in mice bearing HER2-expressing tumours.
Introduction
Molecular recognition of cancer-associated alterations, i.e. targeting, is one of the most promising strategies in treatment of disseminated malignancies. Specific molecular recognition can be used for delivery of cytotoxic drugs and for blocking of receptors/ligands involved in mitotic signalling or inhibition of immune checkpoints. One of the obstacles for efficient application of this strategy is an inter-and intrapatient heterogeneity of expression of molecular targets. Patients with tumours, which do not express specific targets, would not benefit from targeted therapy but might instead suffer from treatment-associated side effects. Radionuclide molecular imaging of therapeutic targets in vivo is a non-invasive means to enable selection of patients, who have tumours with homogenously expressed molecular targets and therefore would respond to a particular therapy [1] .
Success of companion diagnostics depends on sensitivity and specificity of imaging, which in turn depends on the biodistribution and targeting properties of the imaging probes. One of the most promising approaches to improved sensitivity and specificity is the use of small targeting probes, based on single domain antibodies and engineered non-immunoglobulin scaffold proteins [2] . Due to their small size, such probes provide specific localization of a radionuclide in tumours within 30 min, and unbound tracers are rapidly cleared through kidneys. This enables imaging with a high contrast and sensitivity at the day of administration. In addition, small proteins do not accumulate in tumours due to the enhanced permeability and retention (EPR) effect [3] , which increases specificity of imaging in comparison with imaging mediated by radiolabelled monoclonal antibodies. We have recently reported development of a novel type of imaging probe based on the scaffold of the albumin binding domain (ABD) of streptococcal protein G. A dedicated binding site was created in ABD bysurface exposed amino acids. This library is enabling selection of binders with desired molecular specificity. Protein domains derived from this library are denoted ADAPTs [4] . ADAPTs with affinity in the low nanomolar range to cancer-associated targets such as tumour necrosis factor-α (TNF-α) [5] , human epidermal growth factor receptor 3 (HER3) [6] , and human epidermal growth factor receptor 2 (HER2) [7] have been selected. To facilitate blood clearance, the amino acids providing binding to albumin were replaced in an anti-HER2 ADAPT variant denoted ADAPT6 [7, 8] . Feasibility of in vivo imaging of HER2 expression in tumours using ADAPT6 has been demonstrated [8] . HER2 is overexpressed in a substantial fraction of breast and gastro-oesophageal carcinomas and is clinically used as a molecular target for antibody-and tyrosine kinase inhibitors-based therapeutics [9, 10] . Testing of HER2 expression levels in tumours is required to stratify patients for such therapies [11, 12] . Radionuclide molecular imaging of HER2 expression offers the advantage of being non-invasive, which allows evaluation of the expression level repeatedly [13] . In further studies, the influence of histidine-containing tags [14] , N-and Cterminal composition [15, 16] , position and residualizing properties of the radionuclide label [17] on biodistribution properties of ADAPT6 was evaluated. Based on these studies, an optimized variant of ADAPT6, (HE) 3 DANS-ADAPT6-GSSC-DOTA was developed [18] . This variant provided several-fold better contrast to metastatic sites such as liver and bone compared to the parental variant [18] .
It has to be noted that the existing variants of ADAPT6 have affinity to HER2 in the range of 1.2-4 nM, as measured using surface plasmon resonance (SPR). This level of affinity is sufficient for imaging of targets with high expression levels, ca. 10 6 receptors per cell, such as expression of HER2 in breast cancer (3+ according to HercepTest) [19] . However, a much more modest overexpression levels might also have a diagnostic value. For example, a HER2 expression of 1+ level (HercepTest) has a prognostic significance in prostate cancer [20] . This level of expression corresponds to 2-6 × 10 4 receptors per cell [21] . Expression levels of 20-50 thousands receptors per cell are typical for overexpressed IGF-1R [22, 23] , or HER3 [24] . Experience with another scaffold protein, the affibody molecule, suggests that subnanomolar affinity is required for imaging of targets with such expression levels [19] .
Affinity of engineered scaffold proteins to desirable targets might be improved by affinity maturation [5, 25, 26] . An alternative to this lengthy process is dimerization of the binding modules. Dimerization may increase the apparent affinity by one order of magnitude by decreasing the off-rate. Therefore, the dimerization approach has been applied for improving targeting of a broad range of polypeptide binders, including short RGD peptides [27, 28] , exendin [29] and singlechain Fv fragments [30] . Another example is dimerization of the anti-HER2 affibody molecule ZHER2:4, which increased the affinity from 50 to 3 nM [31] . However, the effect of dimerization cannot be predicted straightforwardly. For example, dimerization of the anti-EGFR affibody molecule ZEGFR:1907 resulted in a less than two-fold increase of affinity, most likely due to steric hindrance of the binding interface in the C-terminal monomeric unit [32] . The issue of steric hindrance has also been documented for other targeting systems. For example, fusion of a toxin payload at the N-or C-terminus of targeting scFv resulted in a tenfold difference of affinity of resulting immunotoxins [33] . Dimerisation of anti-CD20 single-domain antibody fragments (sdAb) αCD20 using a short G 4 S linker resulted in an increased internalization of the construct by lymphoma cells, but the apparent affinity decreased slightly (from 2.9 ± 0.5 to 5.9 ± 1.9 nM) [34] . This prompts a careful optimization of the molecular design of dimeric ADAPTs. Furthermore, increase of hydrodynamic radius of a protein might complicate its extravasation into tumours.
The goal of this study was to find an optimal design of a dimeric anti-HER2 ADAPT6 and also to compare the in vivo targeting properties of monomeric and dimeric forms of ADAPT6. For dimerization, a variant having an N-terminal sequence containing the amino acids GVDANS was used. We selected this variant because (1) it has the smallest molecular weight with preserved stability of the scaffold [15] and (2) it has one of the most favourable biodistribution profiles (low uptake in blood and normal tissues) in its monomeric form [15] . In order to fuse two functional domains together but prevent mutual steric hindrance of binding, linkers built by small, flexible and uncharged amino acids are normally used. The most common versions are based on glycines and serines [35, 36] . In this study, we selected a linker design that decreases the hydrophobicity of the constructs, since that would increase the liver uptake and/or hepatobiliary excretion of the Fig. 1 . A. Sequences of the dimeric ADAPT6 variants evaluated in this study, DiADAPT6L1, DiADAPT6L2, and DiADAPT6L3 as well as the sequence of (HE) 3 DANS-ADAPT6-GSSC used as a monomeric comparator. Linkers are marked in red font, and the N-terminal amino acid sequence in blue font. Structures of maleimido-DOTA (B), and iodo-HPEM (C) conjugated to cysteine.
constructs [37] . Hence, three serines and one glycine (SSSG) were chosen for construction of the linker region. Variant having one, two or three SSSG linker repeats were designated as DiADAPT6L1, DiA-DAPT6L2, and DiADAPT6L3, respectively (Fig. 1A) . For site-specific labelling, a unique cysteine was introduced at the C-terminus of the three constructs. Previous studies demonstrated that placement of a label at the C-terminus of ADAPT6 provides the lowest uptake in normal tissues [16] . For labelling with residualizing radiometals, the versatile DOTA chelator was conjugated to the constructs using maleimide cysteine coupling (Fig. 1B) . The non-residualizing radiohalogen label 125 I, was coupled to the dimeric constructs through an indirect radioiodination using ((4-hydroxyphenyl)ethyl)maleimide (HPEM) [16, 38] (Fig. 2) . The constructs were produced and purified and their identity was confirmed by mass spectrometry. Thermal stability and re-folding fidelity were studied by circular dichroism spectra measurement under variable temperatures. The strength of binding to HER2 was measured by surface plasmon resonance. Efficacy and stability of labelling using 111 In and 125 I was evaluated. Binding specificity and affinity of binding to HER2-expressing cancer cell lines and cellular processing of conjugates after binding was evaluated in vitro. Specificity of HER2 binding in vivo and tumour-targeting properties of the most promising dimeric forms were studied in nude mice bearing human HER2-expressing xenografts and compared with the best monomeric variant, (HE) 3 DANS-ADAPT6-GSSC, which was labelled in the same way.
Materials and methods
111 InCl 3 was purchased from Mallinckrodt Sweden AB (Stockholm, Sweden). [ 125 I] sodium iodide was purchased from PerkinElmer (Waltham, MA). The synthesis and characterization of HPEM was done based on the method described by Mume and co-workers [39] . Buffers used for labelling were prepared from high-quality Milli-Q water and purified from metal contamination using Chelex 100 resin (Bio-Rad Laboratories, Hercules, CA). The HER2-expressing ovarian cancer cell line SKOV-3 and breast cancer cell line BT-474 were used in the cell studies. Both cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in RPMI medium supplemented with 10% fetal calf serum, 2 mM L-glutamine and PEST (penicillin 100 IU/ml and 100 μg/ml streptomycin).
An automated γ-spectrometer with a ∼7.6-cm (3-in) NaI(Tl) detector (1480 WIZARD; Wallac Oy, Turku, Finland) was used to measure radioactivity.
Data on cellular uptake were analyzed by unpaired 2-tailed t test using GraphPad Prism (version 4.00 for Windows; GraphPad Software, San Diego, CA) to determine significant differences (p < 0.05).
Analysis of biodistribution data obtained in dual-label experiments were performed using paired t-test. One-way ANOVA analysis with Bonferroni's multiple comparison test was used to evaluate differences between more than two data sets.
2.1. Production, purification, conjugation and characterization of ADAPT molecules Production and Purification. The genes encoding ADAPT6-SSSG-ADAPT6, ADAPT6-(SSSG) 2 -ADAPT6, ADAPT6-(SSSG) 3 -ADAPT6 were synthesized by Thermo Fisher Scientific (Waltham, MA USA) and PCR amplified using primers introducing the amino acid sequences MGVDANS and GSSC in the N-and C-terminus, respectively. A monomeric version of ADAPT6 with the N-terminal sequence MG-(HE) 3 -DANS and the C-terminal sequence GSSC was generated as a control, as described earlier [18] . The amplified sequences were subcloned into a T7 inducible expression vector and the sequences were verified using DNA-sequencing by Microsynth AG (Balgach, Switzerland). The ADAPT6 variants were produced in E. coli BL21* (DE3) cells and protein lysates were collected as previously described [7] . The lysates were heat-treated for 10 min in 90°C and precipitated endogenous E. coli proteins were removed by centrifugation. The lysates containing the dimeric ADAPT6 variants were incubated with 30 U/ml Benzonase® endonukleas (Merck, Darmstadt, Germany) at 37°C, 150 rpm for 18 h followed by centrifugation. The buffer of the lysates was changed to 20 mM Tris, pH 8.0, using Vivaspin concentrators (MWCO 5000 Da, Merck, Darmstadt, Germany). The thiol group of the terminal cysteine was reduced by incubation with 5 mM dithiothreitol (DTT) at 37°C for 40 min to avoid dimerization of the proteins. The lysates were loaded onto an anion exchange column (Resource Q, GE Healthcare, Uppsala, Sweden) and eluted using a 0-0.5 M NaCl gradient. The monomeric control construct was purified using immobilized metal affinity chromatography (IMAC) with a Ni 2+ -resin.
Proteins intended for radioiodination were further purified using a semipreparative reversed phase high performance liquid chromatography (RP-HPLC) column (Zorbax, 300SB-C18, 9.4 × 250 mm, 5 μm particle size, Agilent). Dimeric proteins were eluted using a gradient of 60-80% B (A, 0.1% trifluoroacetic acid in water; B, 0.1% trifluoroacetic acid in acetonitrile) over 20 min using a flow rate of 3 mL/min. The monomeric protein was eluted using a gradient of 33-38% B over 25 min at the same flow rate. The purity and molecular weights of the proteins were analysed using sodium dodecyl sulfate polyacrylamide gel electrophoreses (SDS-PAGE) and liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) using a 6520 Accurate Q-TOF LC/MC (Agilent, CA, USA).
Conjugation of DOTA. ADAPT6 variants, intended for metal-labelling, were conjugated with a maleimido derivate of the DOTA chelator maleimido-monoamide-DOTA (Macrocyclics, TX, USA) through the thiol group of the cysteines. The thiol groups were reduced by incubation with 20 mM DTT for 30 min at 40°C prior conjugation. Excess of DTT was removed using PD-10 size-exclusion columns, and proteins were eluted in 20 mM NH 4 Ac, pH 5.5. A 2-fold molar excess of maleimido-DOTA was added to each protein followed by incubation at 55°C for 2 h. Excess DOTA and unconjugated proteins were removed using RP-HPLC as described above. The purified proteins were alkylated with indoacetoamide (IAA) (Merck, Darmstadt, Germany) to ensure blocking of remaining reactive thiol groups. Excess of IAA was removed using PD-10 size exclusion columns. The purity of the nonconjugated and DOTA-conjugated ADAPT6 variants were evaluated using SDS-PAGE and RP-HPLC with an analytical column (Zorbax 300 SB-C18 4.6 × 150 mm, 3.5 μm particle size) using a gradient of 35-85% B over 30 min (A, 0.1% trifluoroacetic acid in water; B, 0.1% trifluoroacetic acid in acetonitrile) with a flow rate of 1.2 mL/min. The proteins were lyophilized in 50 μg aliquots.
Characterization of ADAPT6 dimers. The secondary structure and thermal stability were determined for the three dimeric variants using a Chirascan™ circular dichroism spectrometer (Applied Photophysics, Surrey, UK). The proteins were diluted to 0.4 mg/mL in PBS and the secondary structure and the refolding capacity of the different variants were assessed by measuring the degree of ellipticity from 195 to 250 nm at 25°C before and after heat-treatment. The melting temperatures were determined by measuring the change in ellipticity at 221 nm during a temperature gradient ranging from 25 to 90°C.
The affinity to HER2 was determined using a Biacore T200 instrument (Biacore Life Science, GE Healthcare, Uppsala, Sweden). Recombinant human HER2 (Sino Biological, Beijing, China) was immobilized on one flow-cell surfaces of a CM5 sensor chip to a response level of 1100 RU by amine coupling. A 1:2 dilution series with five concentrations starting from 50 nM was prepared in PBS supplemented with 0.05% Tween (PBST), pH 7.4, for each variant. The variants were injected with a flow rate of 30 μL/min for 300 s followed by 1600 s of dissociation. The regeneration was carried out by injecting 15 μL of 10 mM HCl. The dissociation equilibrium (K D ), the association rate (k a ), and the dissociation rate (k d ) constants were calculated using the Biacore T200 Evaluation Software 2.0, assuming a 1:1 interaction model.
Labelling
Radiolabeling was evaluated only for DiADAPT6L2 and DiADAPT6L3 since SPR experiments demonstrated that DiADAPT6L1 had appreciable lower affinity to HER2.
Labelling of DOTA-DiADAPT6L2 and DOTA-DiADAPT6L3 with 111 In. The radiolabelled ADAPT6 variants were purified from unbound 111 In using disposable NAP-5 size-exclusion columns (GE Healthcare, Uppsala, Sweden). Radiochemical yield and purity of conjugates were determined using radio-ITLC. Authenticity of conjugates was confirmed using radio-SDS PAGE.
To evaluate the stability of the labelling, the radiolabelled conjugates were incubated with a 500-fold molar excess of EDTA at room temperature for 2 h, and the percentage of protein-based radioactivity was determined using radio-ITLC.
Indirect radioiodination of DiADAPT6L2 and DiADAPT6L3 using 125 I.
Radioiodination was performed according to methods developed earlier for affibody molecules [38] (Fig. 2) . Before radioiodination, the spontaneously formed intermolecular disulfide bridges were reduced by incubation with 15 M dithiothreitol (DTT) for 60 min at 37°C. The mixture was applied to NAP-5 size-exclusion columns, pre-equilibrated and eluted with well-degassed 0.2 M acetate buffer, pH 6.0. For radioiodination of HPEM, 7.5 μL 125 I-iodide stock solution (25 MBq) was mixed with 5 μL of a 5% solution of acetic acid in methanol and 5 μL of a solution of HPEM (1 mg/ml in 5% acetic acid in methanol). 40 µg chloramine-T in 5 µL water was added and the mixture was incubated for 5 min at ambient temperature. The reaction was quenched by adding 60 μg sodium metabisulfite in 5 µL water. Immediately after labelling of HPEM, a solution of DiADAPT6L variants in 0.2 M acetate buffer was added and the mixture was incubated at room temperature for 60 min. The yield was determined by ITLC eluted with acetone:-water (7:3). The radiolabelled conjugates were purified using a NAP-5 column pre-equilibrated with PBS. The radiochemical purity of the conjugates was assessed using ITLC eluted with 70% acetone.
In vitro evaluation
In vitro specificity. Specificity of binding of radiolabelled ADAPT6 derivatives to HER2-expressing cancer cells was tested using ovarian carcinoma SKOV-3 (1.6 × 10 6 receptors/cell) and breast carcinoma BT-474 (2 × 10 6 receptors/cell) cell lines according to methods described earlier [40] .
To test the binding specificity, 5 nM of the labelled variants was added to six petri dishes (ca. 10 6 SKOV-3 or BT-474 cells/dish). To saturate the receptors, a 100-fold molar excess of non-labelled DiADAPT6 molecules was added to three petri dishes 15 min before adding the labelled conjugates. The dishes were incubated at 37°C for 1 h in a humidified incubator. The media was collected, the cells were detached using trypsin-EDTA solution and radioactivity was measured. Percent of cell-bound radioactivity was calculated for both the pre-saturated and unsaturated cells. Affinity determination using LigandTracer. SKOV-3 human ovarian carcinoma cells were seeded on a local area of a cell culture dish (NunclonTM, Size 100620, NUNC A/S, Roskilde, Denmark), as described previously [41] . The binding of ADAPT6 molecules labelled with 111 In and 125 I to living cells was monitored in real-time at room temperature using LigandTracer yellow and grey (Ridgeview instruments AB, Uppsala, Sweden), using established methods [41] . Cells were incubated with two increasing concentrations of the radioconjugate (0.3 and 1 nM) followed by monitoring dissociation while cells were incubated with fresh medium. Analysis was performed in duplicates. Interaction curves were analysed to determine the affinity and rate constants using TraceDrawer evaluation software. Cellular processing. The rate of internalization of radiolabelled ADAPT6 dimers by SKOV-3 and BT-474 cells during continuous incubation was studied using the acid wash method [40] . The labelled compounds (protein concentration of 5 nM) were added to 15 petri dishes containing approximately 10 6 cells/dish. The cells were incubated at 37°C in a humidified incubator. At five time points (1, 2, 4, 8 and 24 h after incubation start), the medium from a set of three dishes was removed and the cells were washed with 1 mL of ice-cold serum free medium. The cells were treated with 0.2 M glycine buffer containing 4 M urea, pH 2.0, for 5 min on ice in order to collect the membrane-bound radioactivity. To collect the internalized radioactivity, the cells were treated with 0.5 mL of 1 M NaOH at 37°C for 30 min.
Animal studies
Animal studies were planned and performed in agreement with EU Directive 2010/63/EU for animal experiments and Swedish national legislation concerning protection of laboratory animals. Experiments were approved by the Ethics Committee for Animal Research in Uppsala.
Tumour-targeting properties of 111 In and 125 I-labelled ADAPT6 variants were evaluated in BALB/C nu/nu mice bearing SKOV-3 xenografts with high HER2 expression. Information concerning molecular weights of the evaluated constructs is presented in 
Results

Production, purification, conjugation and characterization of ADAPT dimers
Three ADAPT6 dimers with different linkers ((S 3 G), (S 3 G) 2 , or (S 3 G) 3 ) were produced in E. coli and purified using heat-treatment followed by anion-exchange chromatography. The constructs were denoted DiADAPT6L1, DiADAPT6L2 and DiADAPT6L3. The monomer (HE) 3 -DANS-ADAPT6-GSSC was produced and purified for comparison. Proteins intended for 111 In labelling were conjugated with maleimide-DOTA and excess of DOTA and unconjugated ADAPT6 dimers were removed by RP-HPLC. The thiol group of any remaining unconjugated proteins was successfully blocked with IAA. The purity of all constructs was above 95%, determined by analytical RP-HPLC and mass spectrometry confirmed correct molecular masses. The circular dichrosim analysis showed similar spectra for two of the constructs, with two local inflection points at 208 and 221 nm, indicating high alpha helical content (Fig. 3) . However, the construct with the shortest linker, DiADAPT6L1, was shown to have very low alpha helicity, indicating that the protein is not able to fold properly. This dysfunctionality of the protein can also be seen when assessing the affinity to HER2 ( Table 1 ). The melting temperatures for the constructs were determined to 62°C and 64°C for DiADAPT6L2 and DiADAPT6L3, respectively. Due to the low structural content of DiADAPT6L1, melting temperature could not be assessed for DiADAPT6L1. However, all three dimeric constructs showed spectra that overlapped well after thermal denaturation (Fig. 3) .
HER2-binding analysis by SPR (Fig. 4) showed K D values in the subnanomolar range for DOTA-DiADAPT6L2 and DOTA-DiADAPT6L3, 0.25 nM and 0.2 nM respectively. For DOTA-DiADAPT6L1 the affinity was approximately 100-times lower (Table 1 ). Monomeric versions of ADAPT6 have previously demonstrated affinities around 2.5 nM using SPR [8] . Thus, the 10-times higher apparent affinities of DOTA-DiA-DAPT6L2 and DOTA-DiADAPT6L3 compared to the monomeric constructs implies that the interaction to HER2 benefits from an avidity affect. The lower affinity of DOTA-DiADAPT6L1 indicates that the HER2-binding interface of the ADAPT6 units is either not correctly folded or not as accessible as in the other two dimeric constructs. DOTA-DiADAPT6L1 was excluded from further studies due to the less favourable characteristics compared to the other two variants.
Radiolabelling
DOTA-DiADAPT6L2 and DOTA-DiADAPT6L3 were labelled with 111 In to radiochemical yields of 72 and 62%, respectively. The radiochemical purity after size-exclusion chromatography was over 99% for both conjugates. A challenge with 500-fold excess of EDTA during 2 h did not reveal any release of radionuclides from the conjugates.
The site-specific indirect radioiodination of ADAPT6 dimers using HPEM was in a good agreement with earlier published results for radioiodination of ADAPT6 monomers [17] . The radioiodination yield of HPEM was 97%. The overall yield of radioiodination of DiADAPT6L2 and DiADAPT6L3 using HPEM was 65-67%.
In vitro binding specificity and affinity
The binding of the radiolabelled ADAPT6 dimers to both HER2-expressing SKOV-3 and BT-474 cells was significantly (p < 0.0005) reduced after pre-saturation of the receptors by non-labelled ADAPT6 dimers. This demonstrated that the binding was saturable and confirmed its HER2-specific character (Fig. 5) .
Representative sensorgrams of binding of the ADAPT6 dimer 111 In-DOTA-DiADAPT6L2 and the parental monomer 111 In-DOTA-VDANS-ADAPT6 to living HER2-expression SKOV-3 cells are presented in Fig. 6 . The sensorgram of 111 In-DOTA-DiADAPT6L2 reflects the essential Fig. 3 . CD measurements of secondary structure before and after variable temperature measurements of DOTA-DiADAPT6L1 (A), DOTA-DiADAPT6L2 (B), and DOTA-DiADAPT6L3 (C). feature of the interaction of dimeric ADAPT6 variants with HER2-expressing cells; very slow dissociation (Fig. 6A ) compared to the monomer (Fig. 6B ). According to LigandTracer measurements, the binding of all dimeric ADAPT6 variants to living cells was best fitted to a 1:1 interaction model according to Langmuir, indicating that the interaction was dominated by one type of interactions with HER2. Dissociation equilibrium constant (K D ) values for the interaction between ADAPT dimers and HER2-expressing SKOV-3 cells are presented in Table 2 . All variant demonstrated affinity in low picomolar range.
Data concerning cellular processing and internalization of 111 In-DOTA-DiADAPT6L2 and 111 In-DOTA-DiADAPT6L3 are presented in Fig. 7 . The rapid binding during the first hour was followed by a slower increase of cell-associated radioactivity. There was a cell-line specific difference in the binding pattern. The increase of the binding in the second phase was much more pronounced for the BT-474 cell line. Internalization of the conjugates was relatively slow, below 30% after 24 h, for both types of conjugates in both cell lines. The cellular processing pattern was clearly different for ADAPTs labelled with the non-residualizing 125 I-HPEM label (Fig. 8) . In SKOV-3 cells, the maximum cell-bound radioactivity was observed around 4 h after the incubation started ( Fig. 8A and C) . Thereafter, the cell-bound radioactivity decreased slowly. The internalized fraction did not increase continuously, as in the case when using the residualizing radiometal label but reached a plateau at 4 h (on the level of approximately 10% maximum cell-bound radioactivity). The pattern was somewhat different in BT-474 cells ( Fig. 8B and D) . Some increase of cell-associated radioactivity was observed after 4 h, but this increase was appreciably smaller than in the case of the residualizing 111 In-DOTA label. There was also some minor increase of internalized radioactivity after 4 h. Overall, the linker size had much smaller (if any) effect on the pattern of cellular processing than the nature of the label and the processing of HER2 of the particular cell line.
Animal studies
To test if the accumulation of radiolabelled dimeric ADAPT6 constructs in tumours is HER2-dependent, uptake in SKOV-3 xenografts with high HER2 expression and A431 xenografts with low HER2 expression was measured (Fig. 9) . The uptake of all four tested dimers in SKOV-3 was significantly (P < 0.001) higher than in A431 xenografts, which indicates HER2-dependent accumulation.
The data concerning comparison of biodistribution of monomeric and dimeric forms of ADAPT6 are presented in Table 4 . Most of the biodistribution characteristics of the dimeric variants of ADAPT6 followed the pattern of the monomeric ADAPT6. All variants underwent renal clearance from blood but with high reabsorption in proximal tubuli of the kidneys. This resulted in rapid decrease of blood-born radioactivity to less than 0.5 %ID/g at 4 h p.i. for all variants, and low accumulation in the majority of the normal tissues. The difference between using residualizing 111 In or non-residualizing 125 I labels also showed a similar pattern regarding kidney uptake for the dimeric variants of ADAPT6 as for the monomeric version; iodine-labelled ADAPT6 constructs cleared rapidly from kidneys, while the renal retention of 111 In-labelled constructs was high.
However, there were apparent differences in biodistribution pattern between the dimeric and the monomeric formats of ADAPT6 in several of the other organs. In the case of 111 In labelled ADAPT6 variants, both dimeric forms had significantly (p < 0.05) higher uptake in liver, spleen and stomach at 4 h after injection, and higher uptake in blood, liver and spleen at 24 h p.i. than the monomeric counterpart. The differences were not as pronounced when using the radioiodine label. The length of the linker had no significant impact on biodistribution of the dimeric variants.
The most striking was the difference in tumour uptake. The uptake of the dimeric forms was significantly (p < 0.05) lower than the uptake of the monomeric variant at both time points when using both residualizing and non-residualizing labels.
The tumour-to-organ ratios also reflect the differences in biodistribution and targeting pattern between the dimeric ADAPT6 and the monomeric variant (Table 5 ). The difference in tumour-to-organ ratios between 125 I-HPEM-ADAPT6 and 125 I-HPEM-DiADAPT6L3 was not statistically significant at 4 p.i., but there was a tendency that the monomeric form provided higher average values. At all other data points, the monomeric form provided significantly higher tumour-toorgan ratios. The microSPECT/CT imaging experiment confirmed the results of the biodistribution study (Fig. 10) . HER2-expressing SKOV-3 xenografts were clearly visualized using both 111 In-DOTA-DiADAPT6L2 and 111 In-DOTA-DiADAPT6L3 at both 4 and 24 h p.i.. The radionuclide accumulation in kidneys was appreciably higher than the accumulation in tumours. The radioactivity concentration of the content of urinary bladder at 4 h p.i. was also higher than the tumour uptake. The uptake in all other organs and tissue was substantially lower than in tumours. This provided high contrast imaging of HER2 expression.
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Discussion
Mathematic modelling suggests that small (less than 25 kDa) targeting proteins offer an advantage in tumour targeting due to better extravasation and quicker diffusion inside tumours [42] . However, this requires high affinity of the targeting protein to its tumour-associated molecular target [42] . Dimerization is a possible way to improve the apparent affinity of the interaction. A bivalent binding reduces the probability of dissociation of the whole targeting moiety if one of the paratope dissociates. In addition, the probability of rebinding after dissociation is higher for a dimeric construct compared to a monomer.
Still, one has to take into account the potential issue of mutual steric hindrance of the binding by the two fused monomeric units. In this study, the use of the short linker S 4 G between the two ADAPTs resulted in an appreciable loss of binding strength. This is in agreement with the observation of Krasniqi and co-authors [34] who have found that the use of a short G 4 S linker for dimerization of sdAbs resulted in decrease of an apparent affinity. At the same time, the use of longer linkers increased the affinity from 1.2 nM for the parental monomeric format [15] to approximately 0.25 nM (according to SPR measurements) for the dimeric formats, i.e. more than five-fold. There was essentially no difference in binding affinity of DiADAPT6L2 and DiADAPT6L3, which indicates that additional increase of the linker length would not offer further enhancement in affinity.
Another essential aspect of the molecular design of ADAPT derivatives for radionuclide targeting is the preserved refolding capacity. Both original ABD and ADAPT6 denature when exposed to an elevated temperature, non-physiological pH or lipophilic solvents, but refold as soon as returned back to physiological temperatures and chemical environment [4, 8] . Such feature enables the use a broad spectrum of methods for radiolabelling or conjugation of other payloads. For example, the use of macrocyclic chelators provides high kinetic inertness of the radiometal-chelator complex, which excludes dissociation of the radionuclide from the targeting conjugate in vivo [43] . However, a downside of this high inertness is the necessity to perform the labelling at elevated temperature, up to 95°C [43] . Taking this into account, the preserved refolding ability (Fig. 3) is an advantage of ADAPT6.
Both DiADAPT6L2 and DiADAPT6L3 were labelled with good yield and excellent stability with the residualizing radiometal 111 In using a DOTA chelator and with the non-residualizing radiohalogen 125 I using a HPEM linker. Both approaches utilized maleimido-containing prosthetic groups for coupling. Importantly, the ADAPT scaffold does not contain cysteines. Introduction of a single cysteine in a desired position creates a unique thiol group in the whole protein. Application of a thioldirected chemistry permits therefore a site-specific labelling, resulting in well-define conjugates with reproducible biochemical and pharmacological properties. This is a clear advantage of our labelling approach compared to the commonly used amine-directed chemistry. Each ADAPT6 monomer contains four lysines and the N-terminal amino group. Coupling of labels using an amine-directed method (using of e.g. succinimidyl-or isothiocyanato derivatives) would result in a random distribution of these labels along the solvent-exposed surface of the protein. Accordingly, the product would contain a mixture of protein domains with different properties of the surface (distribution of charge) and therefore different binding and biodistribution properties. Our directed labelling approach circumvents this. The results of LigandTracer measurement of binding of radiolabelled ADAPT6 dimers to living HER2-expressing cells (Fig. 6 and Table 2 ) were in agreement with the SPR measurements. The dimers showed a clear reduction of the dissociation rate compared with the parental monomeric form (Fig. 6 ). An interesting finding is that the interaction of the dimers with HER2 on living cells was best fitted to the 1:1 interaction model suggesting that binding is strongly dominated by one type of interaction. The 1 to 1 interaction according to Langmuir model means that a ligand binds to a target with a monovalent stoichiometry and that the target population presents a single binding site with uniform strength of binding, as opposed e.g. bivalent binding or presence of target molecules in different conformations resulting in presence of two binding sites with different affinities. Most likely the total length of the construct is insufficient to engage two HER2 receptors simultaneously.
The internalization rate is essential for selection of an optimal labelling strategy [44] . Internalization of a target-ligand complex, results in trafficking to the lysosomal compartment and thereafter proteolytic degradation. Depending of the physicochemical properties of the radiometabolites, the fate of the intracellular radioactivity will be different. If the catabolites are lipophilic, they can penetrate both lysosomal and cellular membranes and thereby leave the cells. This is often the case when using radiohalogens for labelling. Such kind of labels is termed non-residualizing labels. Radiometal-chelator complexes are Table 4 Biodistribution of radiolabelled ADAPT6 variants in BALB/C nu/nu mice bearing SKOV-3 xenografts. Table 5 Tumour-to-organ ratios of radiolabelled ADAPT6 variants in BALB/C nu/nu mice bearing SKOV-3 xenografts.
often charged and nearly always hydrophilic. Such radiometabolites cannot penetrate the cellular membrane and therefore they accumulate inside the cell. Such labels are termed as residualizing [44] . The use of residualizing labels increases the accumulation of radioactivity in tumours, but also increases retention of the radionuclide in normal tissues if it is internalized. This is often the case with excretory organs. In the case of slow internalization by cancer cells, a non-residualizing label might be preferable since the loss of activity from tumours might be minor, but clearance from excretory organs would be rapid. This is particularly important for ADAPTs, which are readily reabsorbed in proximal tubuli of kidneys after glomerular filtration [8, 15] . Since the internalization of monomeric ADAPT6s is slow, strong residualizing properties of the label are not essential for retention of the activity shortly after injection (1-4 h after injection), but the use of a non-residualizing radioiodine label is more suitable since it enables decrease of the renal retention of radioactivity [16] . The results of the cellular processing experiments (Figs. 7 and 8 ) demonstrate that internalization of both radiolabelled dimeric forms is relatively slow and similar to internalization of the monomeric forms of ADAPT6 [15, 16] . This is an essential feature of the dimeric ADAPTs, since bivalent binding other targeting proteins and peptides to a cell-surface target is often associated with a rapid internalization of a target-ligand complex due to the cross-linking effect [34, [45] [46] [47] . The slow internalization of dimeric ADAPTs correlates well with the aforementioned 1:1 interaction, suggesting that there is no simultaneous binding to two cell-surface receptors and no cross-linking. The slow internalization of the dimeric forms of ADAPT6 enables the use of non-residualizing radiohalogen labels. Indeed, although both the internalized fraction and the overall cell-associated activity were lower for 125 I-HPEM-DiADAPT6L2 and 125 I-HPEM-DOTA-DiADAPT6L3 at 24 h compared to their 111 In-labeled counterparts, this effect was not very pronounced at 4 h, which is a relevant time point for in vivo imaging. Animal studies confirmed that the radiolabelled dimeric forms of ADAPT6 are capable of specific targeting of HER2 expressing tumour xenografts in vivo (Fig. 9) and can provide high-contrast images of HER2-epressing xenografts. The difference in linker length did not result in significant difference in biodistribution or tumour-targeting properties (Table 4) . However, the tumour uptake of the dimeric forms of ADAPT6 was significantly lower than the uptake of the monomeric form for both labels at both time points measured in this study. Besides, the clearance rate of the dimeric forms labelled with the radiometal was slower than the clearance of the monomer (Table 4) . Therefore, the tumour-to-organ ratios for the monomeric ADAPT6 were appreciably higher than for the dimeric ones (Table 5 ). Thus, the monomer provides better imaging contrast and is therefore the preferable format for development of ADAPT6-based tumour-targeting probes. It has to be noted that the tumour-to-organ ratios for the ADAPT dimers were much higher than the tumour-to-organ ratios provided by radiolabelled anti-HER2 monoclonal antibodies [13] . Furthermore, dimerization of affibody molecules, another engineered scaffold protein, also resulted in decreased tumour uptake despite increased affinities [32, 38, 48] . However, it was not clear if this phenomenon was related to that particular scaffold protein. In addition, the cited studies used non-residualizing radiohalogen labels and there was no reliable method for measurement of the internalization at that time. Therefore, the results for the affibody molecules might be attributed to accelerated internalization of dimers and leakage of radiohalogens from tumours. This study has shown the same phenomenon for the ADAPT scaffold, and the results when using the residualizing radiometal label, excluded influence of dimeric binding on internalization and retention. Taken together with previous data, this study implies that increasing the affinity by dimerization is not the way to improve in vivo targeting of small engineered scaffold proteins. The possible reason for this might be that the larger size due to dimerization, hampers efficient extravasation of dimers into the extracellular space of the tumours. On the other hand, the blood clearance rate of ADAPT dimers is nearly as high as for the monomeric ADAPTs. This prevents a maintained concentration gradient between blood and tumours and consequently there will be a continuous flow of the probe from blood to tumours.
Such strong influence of the size of a small targeting protein might be considered as strange. It is known that the tumour vasculature is hyperpermeable and the size-dependent transfer through pores in the vessels might play a minor role. Indeed, the localization of intact antibodies in tumours (both specific and unspecific) can be explained by this hyperpermeability. However, the localization of smaller antibody fragments in tumours is rapider than localization of intact IgG reaching maximum within 24 h after injection [49, 50] . Even smaller engineered scaffold proteins localize in tumours even rapider, within 60 min [8, 51] . Taken together, this indicates that the size of targeting proteins is essential for efficient tumour uptake. This study suggests that this is true even for targeting proteins with the mass in the range of 6-12 kDa.
Conclusions
In conclusion, dimeric forms of ADAPT6 with optimal linker lengths have substantially higher affinity compared to the monomeric variant. However, the dimeric forms of ADAPT6 showed a lower tumour uptake compared to the monomeric variant. This suggests that affinity maturation would be the preferable way to increase affinity of tumourtargeting engineered scaffold proteins. 
